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Abstract 21 
The flavins (including flavin 22 
mononucleotide [FMN] and riboflavin [RF]) 23 
are a class of organic compounds 24 
synthesized by organisms to assist in critical 25 
redox reactions.  While known to be secreted 26 
extracellularly by some species in laboratory-based cultures, flavin concentrations are largely 27 
unreported in the natural environment.  Here, we present pore water and water column profiles of 28 
extracellular flavins (FMN and RF) and two degradation products (lumiflavin and lumichrome) 29 
from a coastal marine basin in the Southern California Bight alongside ancillary geochemical 30 
and 16S rRNA microbial community data.  Flavins were detectable at picomolar concentrations 31 
in the water column (93-300 pM FMN, 14-40 pM RF) and low nanomolar concentrations in pore 32 
waters (250-2070 pM FMN, 11-210 pM RF).  Elevated pore water flavin concentrations 33 
displayed an increasing trend with sediment depth and were significantly correlated with the total 34 
dissolved Fe (negative) and Mn (positive) concentrations.  Network analysis revealed a positive 35 
relationship between flavins and the relative abundance of Dehalococcoidia and the MSBL9 36 
clade of Planctomycetes, indicating possible secretion by members of these lineages.  These 37 
results suggest that flavins are a common component of the so-called shared extracellular 38 
metabolite pool, especially in anoxic marine sediments where they exist at physiologically-39 
relevant concentrations for metal oxide reduction.   40 
 41 
 42 
 43 
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Introduction 44 
Flavins are organic molecules that represent the largest class of essential biological 45 
catalyzers, rivaled only by iron in the number of unique enzymes they bind.
1-2
  Flavins - flavin 46 
mononucleotide (FMN), flavin adenine dinucleotide (FAD), and their biosynthetic precursor 47 
riboflavin (RF) - contain a nitrogen heterocycle isoalloxazine moiety, which is utilized in redox 48 
reactions to complete both single and double electron and hydrogen transfers critical for 49 
catabolic and anabolic reactions.
3
  Their catalytic utility extends to a diverse set of biochemical 50 
reactions including DNA photorepair, halogenation and dehalogenation, antibiotic synthesis, 51 
dioxygen activation, quorum signaling, light sensing photoreceptors, and electron bifurcation.
3-6
  52 
In addition to critical requirements inside the cell, some metal-reducing microbial species are 53 
known to actively secrete flavins into the shared extracellular metabolite pool in which they can 54 
aide in extracellular electron transfer (EET) to insoluble metal oxides.
7-9
   55 
Flavins are powerful reductants possessing low redox potentials (E’ = -216 mV for 56 
FMN/FMNH2 and -208 mV for RF/RFH2 versus the standard hydrogen electrode
10
), making 57 
them well suited to reduce Fe and Mn oxides commonly found in natural waters and marine 58 
sediments as well as redox active radionuclides
11
 and toxic metals in contaminated 59 
environments.
11-12
  Studies exist on the ability of the metal-reducing organism Shewanella
7, 13
 to 60 
secrete flavins to aid in EET by acting either as an electron shuttle or as a flavocoenzyme that 61 
activates an outer membrane cytochrome (OMC) enabling electron transfer directly to insoluble 62 
metal oxides.
9, 12, 14
 The distribution of organisms capable of EET appears to be widespread,
15-16
 63 
however flavins are not a universal requirement for EET and it is unclear whether flavin 64 
secretion is a common strategy, or unique to only a few organisms. Most microorganisms as well 65 
as fungi and plants can synthesize flavins de novo,
17
 but it is unclear how many actively secrete 66 
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them (as opposed to release from cell lysis) outside the cell.  Flavin secretion has been shown in 67 
some Pseudomonas, Escherichia, and Geothrix species as well as the gram-positive Bacillus (sp. 68 
WS-XY1), and yeast (Pichia stipitis).
8, 18-19
  Flavin secretion is also a well-known plant stress 69 
response to Fe-limiting conditions.
20
  Therefore it is possible that flavins may represent a 70 
common component of the redox active humic load in aqueous environments.
21
  71 
Despite their vital role in cellular metabolism, utility in EET, bioremediation applications, 72 
and implications for the biogeochemical cycling of redox-sensitive elements, environmental 73 
concentrations of flavins remain largely unmeasured.  One reason for the absence of 74 
environmental flavin measurements is their trace concentration and structural lability. Flavins are 75 
known to rapidly photodegrade, forming the degradation products lumichrome (LC) and 76 
lumiflavin (LF).
22
  Furthermore, the few studies that have attempted to investigate environmental 77 
flavin concentrations via fluorometric techniques have found them to be in trace concentrations 78 
(pM range), and therefore a preconcentration step is required prior to quantification.
23
  Here we 79 
present environmental concentrations of the flavins (FMN and RF) and their degradation 80 
products LC and LF measured in the water column and pore waters of a coastal marine 81 
environment in San Pedro Basin (Figure S2) using a newly adapted, compound-specific, High 82 
Performance Liquid Chromatography Mass Spectrometry (LC/MS) method.  We compare pore 83 
water flavin profiles in sediment cores, extending down to 40 cm, to concentrations of classic 84 
indicators of geochemical zonation (total dissolved Fe, Mn, and SO4
2-
), microbial cell 85 
quantification, and 16S rRNA microbial community composition from 11 sediment horizons.  86 
We also use network analysis to identify taxonomic groups that are correlated with flavin 87 
concentrations in sediments.  The sediment flavin quantifications were complemented with water 88 
column measurements from surface to 800 meters.  Our results show that flavins are indeed 89 
Page 4 of 32
ACS Paragon Plus Environment
Environmental Science & Technology
Monteverde Flavins MS 
5 
present in the marine environment, especially in anoxic marine sediments in which they appear 90 
to be a common component of the shared extracellular metabolite pool.  They also point to 91 
lineages that display positive interactions with flavins, allowing for hypothesis generation about 92 
flavin production in sediments. 93 
Materials and Methods 94 
Study Site and Sample Collection.  95 
San Pedro Basin (SPB) is located within the Southern California Bight and is bounded by 96 
Los Angeles, California to its northeast and Santa Catalina Island to its southwest (Figure S2). 97 
The San Pedro Ocean Time series station (SPOT) is located in the center of the basin (33° 33’ N, 98 
118° 24’W), where monthly sampling of the water column for biologic and hydrographic 99 
parameters has been conducted since 1998.
24
  The basin is approximately 900 m deep and silled 100 
at 740 m, with suboxic bottom waters which experience high seasonal particulate inputs resulting 101 
in pore water O2 and NO3
-
 concentrations falling below detection within a few mm.
25
   102 
Water column samples were collected from SPOT on April 4, 2014.  Samples were 103 
collected from 8 depths with a CTD rosette (Sea-Bird electronics, Bellevue WA, USA) fitted 104 
with 12-L Niskin bottles (General Oceanics, Miami, FL, USA).  Samples were immediately 105 
filtered with 0.2-µm Supor® PES Membrane filters (Pall Laboratory, Port Washington, NY, 106 
USA) and stored frozen at -20ºC in amber bottles.  Sediment cores were collected on September 107 
9, 2014 with an Ocean Instruments, Inc. (San Diego, CA, USA) MC-400 multicorer containing 108 
9.5 cm diameter core liners.
26
 Cores were initially assessed for clear sediment water interface, 109 
measured and described,  and assigned to pore water or solid phase analysis.  The sediment 110 
height in collected cores ranged from 38-47 cm with 12-3 cm of overlying water.  All cores were 111 
stored on board ship in an ice bath protected from light and transported to the laboratory cold 112 
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room maintained between 5-10ºC for sampling.  Cores assigned to pore water collection were 113 
sampled at 0.5-1 cm depth intervals using rhizon soil samplers (Rhizosphere Research Products, 114 
Wageningen, Netherlands; 0.2-µm pore size filters) and 30 mL plastic Norm-ject® syringes (Air-115 
Tite Products Co., Inc., Virginia Beach, VA, USA) which had been acid-cleaned and methanol-116 
rinsed.  Each rhizon syringe collected between 20-30 mL of pore water which was pooled with 117 
the syringe from the same depth on the other side of the core to bring a total sample volume to 118 
40-60 mL for each sediment depth.  Water was then allocated into separate trace metal and flavin 119 
sample bottles.  Flavin samples were frozen in acid-cleaned and methanol-rinsed high-density 120 
polyethylene (HDPE) amber bottles until analysis.  Samples were protected from light 121 
throughout sample processing.  The aliquots for trace metals were stored in trace metal-cleaned 122 
HDPE bottles and acidified with Optima-grade HNO3
-
 (Fisher Chemical, Canoga Park, CA, 123 
USA) to a pH <2 following standard trace clean techniques. 124 
Cores assigned to solid phase analysis were stored in a cold room protected from light at 125 
5-10ºC and sectioned within 4 days of collection using a core extruder and processed for cell 126 
counts and 16S rRNA molecular community analysis, described further below.  Cores were 127 
sectioned at 0.5-2 cm depth intervals, each sediment section was homogenized and samples were 128 
collected from the center of the core to avoid any artifacts from the core liner.  Samples for 129 
microbial community analysis were collected in autoclaved sawed-off 60 mL Norm-ject® 130 
syringes (Air-Tite Products Co., Inc., Virginia Beach, VA, USA) that were flash frozen with 131 
liquid nitrogen and stored at -20ºC until analysis.  For samples preserved for biomass 132 
enumeration via cell counts, 2 mg of sample was added to 15 mL centrifuge tubes with 8 mL of 133 
filtered 2% paraformaldehyde.  After incubation for 17 hours, the suspension was spun down and 134 
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the pellet rinsed twice with phosphate buffered saline (PBS) and finally resuspended in 8 mL of 135 
50/50 methanol/PBS.  Cell count samples were stored at 4˚C until analysis. 136 
 Analytical Methods 137 
Solid Phase Sample Extraction of Flavins 138 
Samples (water column and pore waters) were preconcentrated using a solid-phase extraction 139 
(SPE) as previously developed for B vitamins.
27
  Briefly, SPE consisted of passing the sample 140 
volume over a pre-conditioned column packed with HF Bondesil-C18 Resin (Agilent 141 
Technologies, Santa Clara, CA, USA) which was adjusted to two pHs (6.5 and 2.0) followed by 142 
rinsing with LC/MS-grade water to remove salts and finally eluting with 12 mL LC/MS-grade 143 
methanol.  Initial sample volume was approximately 1 L for water column samples and between 144 
40-60 mL for pore water samples.  Samples were evaporated down to ~300-400 µL in a N2 dryer 145 
and stored frozen at -20ºC until analysis.  SPE and drying occurred in the dark, and samples were 146 
protected from light. A liquid phase extraction was performed on the preconcentrated pore water 147 
samples to remove any potentially interfering hydrophobic organic compounds and increase the 148 
signal to noise ratio as described further in Supporting Information.      149 
Standards and LC/MS Instrument Settings 150 
A Thermo high-performance liquid chromatography/tandem triple quadrupole mass 151 
spectrometer (LC/MS) fit with an electrospray ionization interface (ESI) was used for flavin 152 
detection (Waltham, MA, USA).  A previous method had been developed to measure RF, and 153 
this method was adapted to measure the other flavin analytes.
27-28
  A Supelco Analytical 154 
Discovery® HS C18 column (10 cm x 2.1 mm, 5 µm; Sigma-Aldrich, St. Louis, MO, USA) was 155 
used with a gradient elution of mobile phase A – LC/MS grade water adjusted to pH 4.5 with 156 
0.5% acetic acid and mobile phase B – LC/MS grade methanol with 0.5% acetic acid.  The flow 157 
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rate was 230 µL/min with a beginning gradient of 93% water and 7% MeOH changing to 100% 158 
organic phase by 7 min which was held for 2 min and returned to initial conditions by 14 159 
minutes.  Flavin standards were obtained from Fluka® Analytical (Honeywell International, Inc., 160 
Morris Plains, NJ, USA) for RF and Sigma-Aldrich (St. Louis, MO, USA) for FMN, LC, and LF 161 
as well as the internal standard Riboflavin-(dioxopyrimidine-
13
C4, 
15
N2) (heavy-RF).  Standards 162 
were stored protected from light at -20ºC except RF which was stored at 4ºC as instructed by the 163 
manufacturer.  An instrumental response factor was calculated to establish a relationship 164 
between the internal standard and each individual analyte (see Supporting Information).  This 165 
response factor was calculated daily to account for any variations in instrument sensitivity as 166 
previously described.
29
   167 
Flavin Quantification 168 
Samples were thawed, pH adjusted to 6.5 with 0.01% NaOH, centrifuged for 3 minutes at 169 
5000 rpm, filtered with a 0.2-µm Minisart® RC 4 filter (Sartorius, Göttingen, Germany) and 170 
MeOH-rinsed 1 mL Norm-ject® syringes (Air-Tite Products Co., Inc., Virginia Beach, VA, 171 
USA), and the final sample mass was recorded.  Samples were spiked with the internal standard 172 
50:50 v/v and injected in triplicate into the LC/MS with a no-waste 50 µL injection.  Blanks of 173 
Milli-Q water were run between each sample to prevent sample carryover.  Daily internal 174 
standard response factors and calibration curves were determined with curves generally 175 
producing R
2
 ≥ 0.98 which bracketed concentrations of the expected environmental samples 176 
ranges (see Supporting Information).  The efficiency of the SPE was assessed using a procedural 177 
spike and blank prepared using seawater previously passed through C18 resin and 178 
preconcentrated alongside the samples; the procedural spike used the same seawater with the 179 
addition of flavin standards. Spike percent recovery was calculated by subtracting the seawater 180 
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blank from the spike signal. Recoveries ranged from 74-101% for RF and 77-97% for FMN (see 181 
Table S3).  Instrument blanks of LC/MS grade water were found to be below detection.   182 
Geochemical Characterization of Marine Sediments 183 
 Fe and Mn levels in sediments were measured on a Thermo Scientific™ Element 2™ 184 
High Resolution Inductively Coupled Plasma Mass Spectrometer (HR-ICP-MS; Waltham, MA, 185 
USA).  Acidified samples were stored for at least 1 month prior to analysis, after which they 186 
were subsampled and diluted with 5% Optima-grade HNO3
-
 to fit within the calibration curve.  187 
An external calibration curve and internal indium standard were used for quantification.  A 188 
seawater standard reference material (NASS-6; National Research Council Canada Certified 189 
Reference Materials)
30
 was used to ensure instrument accuracy and correct for instrument drift.  190 
SO4
2-
 concentrations were measured on a Metrohm Ion Chromatograph (Herisau, Switzerland) 191 
following standard methods. 192 
Microbial Community Analysis 193 
Cell counts, DNA extraction and 16S rRNA amplicon generation 194 
Microbial abundance in sediment samples was measured via cell counts using epifluorescence 195 
microscopy; further details are described in the Supporting Information. 
31
  DNA was extracted 196 
from sediment samples in duplicate from 0.5-1.0 g subsamples of frozen sediment using the MP 197 
Biomedical FastDNA SPIN Kit for Soil (Santa Ana, CA).  Duplicate extracted community DNA 198 
from the same sample was then combined for PCR analysis of the V4/5 region of the 16S rRNA 199 
gene using the protocol of Parada et al.
32
; further described in the Supporting Information.    200 
Sequence pools were concentrated (Agencourt® Ampure® XP, 0.8x beads) and assessed for 201 
quantity (Invitrogen Qubit dsDNA HS Assay Kit) and quality (Agilent High Sensitivity DNA Kit 202 
Bioanalyzer Chip) before submitting for Illumina 2x300 MiSeq PE sequencing at UC-Davis (Set 203 
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1) or 2x250 HiSeq PE sequencing at USC (Set 2). Extraction blanks, PCR negative controls, and 204 
mock communities were sequenced and bioinformatically processed in parallel to assure quality 205 
control of PCR and sequencing reactions.
32
 Raw Illumina data for each sample can be accessed 206 
at the National Institute for Bioinformatics Short Read Archive under Accession # SRP155917. 207 
Bioinformatics analysis 208 
Analysis of amplicons of the V4/5 region of the 16S rRNA gene, hereafter referred to as 209 
iTags, was carried out in mothur v.1.35.1 following the method of Kozich et al.
33-34
  Paired reads 210 
were combined into contigs and quality filtered to exclude sequences containing ambiguous base 211 
calls or homopolymer runs longer than 8 bp.  The merged contigs were then aligned with the 212 
SILVA non-redundant 16S rRNA reference dataset (v.119). Aligned sequences were ‘pre-213 
clustered’ using 3-bp difference.
35
 Chimeric sequences were identified with the UCHIME 214 
algorithm and removed from further processing and analysis.
36
  Sequences were then clustered 215 
into different operational taxonomic units (OTUs) at 3% or less dissimilarity using the average 216 
neighbor method.  217 
A final curated dataset containing 17,897 OTUs clustered from 605,012 iTags was used for 218 
analysis of community composition and network analysis according to current best practice.
37
  219 
Further details of the analysis pipeline are given in Supporting Information.  Each library 220 
contained an average of 55,001 ± 31,902 sequences. Rarefaction curves for all samples 221 
approached saturation (Figure S7). Diversity and richness indices (observed richness, Inverse 222 
Simpson, Chao1, ACE) were calculated from the average (1000 iterations) of rarefying libraries 223 
to the smallest library size (17,131 sequences). Patterns in microbial community structure were 224 
examined based on the Bray-Curtis dissimilarity index.
38
  Rarefied data was used for calculating 225 
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diversity and richness and Bray-Curtis based on recent analysis of best practice for calculating α 226 
and β-diversity metrics.
39
  227 
Network Analysis 228 
OTUs present at mean relative abundance ≥0.1% overall in the unrarefied dataset were 229 
included in a local similarity analysis,
40
 generated in R version 3.3.0
41
 using the rcor.test function 230 
in the "ltm" package.
42
 Environmental variables (Fe, Mn, RF, FMN) were z-score transformed to 231 
account for differences in units and to reduce the effect of outliers.
43
  False positives were tested 232 
for using the q statistic with the R package qvalue,
44
 and only correlations where p<0.001,
37
 q-233 
statistic<0.05 and the Pearson's correlation was >0.70 were subsequently used for network 234 
visualization in Cytoscape 3.5.
45
 235 
Results and Discussion 236 
Flavin Concentrations 237 
Total dissolved flavin concentrations in SPOT-water column and pore waters ranged from 238 
high pico- to low nano-molar concentrations with highest concentrations occurring in pore 239 
waters (14-210 pM RF and 93-2070 pM FMN; Figure 1).  The concentration of FMN showed a 240 
strong positive correlation with RF in both the water column and pore waters (r = 0.91; p<0.005; 241 
Figure S6).  Water column samples ranged from 14-40 pM for RF and 93-300 pM for FMN with 242 
a 1.7- and 1.3-fold decrease, respectively, in concentration in the upper 700-m of the water 243 
column.  An elevated concentration gradient for both analytes was observed below the basin sill 244 
(2.9- and 3.1-fold increase for RF and FMN respectively, see Table S5) indicating a likely 245 
sediment source.  Although known to rapidly photodegrade
22
 and exhibit strong surface water 246 
diurnal variations,
46
 concentrations were still detectable in the photic zone, likely indicating 247 
recent cellular production.  RF concentrations fell within the range of the only two previously 248 
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reported LC/MS measurements ranging from <0.7 to 4.4 pM in the Baja California Coast, 249 
Mexico and 45 to 128 pM in the Hood Canal, Washington, USA.
27, 47
  The RF concentrations 250 
also fall within the range reported from a number of studies from the 1980s-1990s which 251 
recorded marine measurements based on fluorescence and found concentrations ranging from 0-252 
100 pM.
23, 48-50
 Another study
51
 investigated vertical distributions of total flavins (reported only 253 
as relative fluorescence) in the Caribbean and Black Sea and observed an increase in flavin 254 
fluorescence with depth.  The elevated fluorescence with depth was attributed to diffusion from 255 
sediments and/or elevated production in sulfidic bottom waters similar to the increase in 256 
concentration observed below the sill depth at SPOT.  257 
The concentration of the degradation products, LC and LF, exhibited the highest 258 
concentrations (137 pM LC and 25 pM LF) within the photic zone at 10 meters.  Concentrations 259 
dropped to 5-10 pM for LC and 2-7 pM for LF and remaining stable in the deeper water column 260 
depths.  The LC and LF water column concentrations measured in the San Pedro Basin agree 261 
well with previous fluorescence analyses in the Mediterranean and Black Sea where 262 
concentrations ranged from 0-90 pM for LC and 0-55 pM for LF with the highest concentrations 263 
occurring in the photic zone.
51-52
  Despite being degradation products of RF and FMN, select 264 
studies have found that LC and LF may serve important roles in the microbial community as 265 
quorum sensing molecules.
5, 53
 They have also been found to have strong photosensitization 266 
properties
50
 and thus could serve a role in breaking down larger, complex dissolved organic 267 
material which is rapidly recycled in the photic zone.
46, 54
  The extent of this effect in the surface 268 
ocean microbial community has not been previously investigated and requires additional study.  269 
Pore water concentrations of LC and LF are not reported because the chloroform extraction used 270 
to reduce hydrophobic interferences in the samples inhibited LC and LF detection (Figure S4).  271 
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However, because LC and LF are primarily formed via photodegradation, their concentrations 272 
are expected to be minimal in pore waters of the deep basin.       273 
RF and FMN pore water concentrations were significantly higher (approximately 5-7 times) 274 
than bottom water (below the sill) concentrations measured at SPOT (Figure 1).  The 275 
concentration of both metabolites increased with sediment depth and also exhibited a local 276 
maximum around 3-5 cm, most noticeably for FMN.  The two separate cores showed similar 277 
concentrations and coherence in profile trends, which implies that the spatial heterogeneity of 278 
pore water flavin concentrations is low but not negligible, at least within the area of the ship drift 279 
between multicore drops (likely meter-length distances).  Porewater concentrations of RF and 280 
FMN have not been previously reported in the literature, therefore these measurements represent 281 
the first evidence that sedimentary environments contain these known electron-mediating 282 
compounds. FMN was consistently higher than its precursor RF, which is intriguing as this 283 
compound is thought to be less stable than RF because of the ribitol – phosphate bond, which is 284 
susceptible to cleavage by extracellular phosphatase enzymes previously detected in SPOT 285 
sediments.
55
  FMN is also relatively more energetically expensive than RF for a cell, which must 286 
use the protein riboflavin kinase and invest an ATP molecule to convert RF to FMN.
3
   287 
Classic geochemical dissolved organic carbon pore water profiles predict that the abundance 288 
of labile dissolved organic carbon (such as flavins) would dominate in shallow depths (~2 cm) 289 
where the highest carbon turnover occurs and decrease with depth as more recalcitrant organic 290 
carbon compounds increase in relative abundance.
56
  Examples include pore water profiles of 291 
amino acids
57
 and extracellular DNA
58
 which tend to covary with cell counts and display the 292 
highest concentrations in the shallowest sediment depths.  However, the concentration of 293 
extracellular flavins at SPOT did not correlate with cellular biomass and displayed the lowest 294 
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concentration in the shallowest sediment horizon where cellular abundance was the highest 295 
(Figures 1 and S8).  While cellular lysis due to viral infection and grazing likely contributes to a 296 
portion of the extracellular flavin pool, active secretion of extracellular flavins by organisms 297 
living deeper in the sediment could explain the observed flavin gradient and dominance of the 298 
phosphorylated form, FMN.     299 
 300 
 301 
Figure 1. Flavin (RF – Riboflavin, FMN – Flavin Mononucleotide, LC – lumichrome, LF – 302 
lumiflavin) concentrations (pM) in the water column and flavin and total dissolved Fe, Mn and 303 
SO4
2-
 pore water concentrations.  Error bars for RF, FMN, LC, and LF represent the standard 304 
deviation of the triple injection of a single sample. Total dissolved Fe (µM) and Mn (nM) were 305 
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measured in the same core, and SO4
2-
 (mM) concentrations were measured in two ancillary cores 306 
collected on the same day.  Trace metal error bars represent the standard deviation of multiple 307 
instrument injections and when not visible are smaller than the symbol.  SO4
2- 
error bars 308 
represent the 4% standard deviation measured on triplicate samples.    309 
Flavin Ratios 310 
Figure 2. Environmental Flavin Ratios.   Panel A 311 
shows flavin ratios (FMN:RF) with depth for the 312 
water column (WC) and pore water samples (Cores A 313 
and B).  Panel B shows flavin ratios (FMN: RF) from 314 
this study (colored bars) as compared to results 315 
published by von Canstein et al., 2008 (gray bars).
8
 316 
 317 
To compare the flavin analytes, molar ratios of 318 
FMN:RF were calculated.  Flavin ratios did not vary 319 
substantially within each environment, but varied 320 
between water column and pore waters (Figure 2).  321 
Flavin ratios were 5.8 ± 0.8 in the water column, 322 
while pore water ratios were roughly twice as high 323 
with ratios of 10.6 ± 1.6 for Core A and 11.6 ± 1.8 for 324 
Core B (excluding two outliers of 24 and 27 at 0 and 3.5 cm).  The difference between the 325 
FMN:RF molar ratios observed in the water column versus pore water agrees well with previous 326 
work which measured flavin concentrations in cultures of Shewanella in the presence and 327 
absence of oxygen.
8
  Previous studies have found SPOT sediments to be anoxic within mm
25
 328 
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from the sea water-sediment interface whereas the water column was oxic to suboxic 329 
throughout.
59
 We postulate that the near doubling of the FMN:RF ratio in the pore waters to 330 
values > 10 may be an indicator of cellular release of FMN under anoxic conditions.  The work 331 
of von Canstein and collaborators
 
measured both intra- and extracellular concentrations of flavin 332 
in various species of Shewanella.
8
  They found that extracellular FMN:RF ratios were ~4.8 under 333 
aerobic conditions and rose to ~19 under anoxic culture conditions.
8
  The cause for the difference 334 
in secretion rates of the two flavins under anoxic versus oxic conditions in Shewanella is 335 
unknown but may be due to the binding mechanisms of the flavin to the OMC which requires an 336 
oxygen-sensitive disulfide bond.
60
  FMN, the preferred cofactor for the OMC in Shewanella, 337 
may be preferentially secreted under anoxic conditions when it is able to bind to the cytochrome. 338 
Fe, Mn, and SO4
2-
 Pore Water Profiles 339 
Total dissolved Fe concentrations  (Figure 1) ranged from ~200 µM in the shallowest pore 340 
waters, at 0.5 cm, down to 18 µM in the deepest measured pore waters (40 cm), while total 341 
dissolved Mn concentrations were ~40 nM at 0.5 cm and increased to 480 nM at 40 cm.   We did 342 
not measure the concentration of Fe
2+
 and Mn
2+
 but assumed that most of the total dissolved pore 343 
water is reduced based on the anoxic conditions of the sediments.  However, we could not rule 344 
out the presence of colloidal and/or organic complexed Fe
3+
, Mn
3+
, or Mn
4+ 
in the pore waters 345 
that could influence our interpretation.  SO4
2-
 was measured on two nearby cores and displayed a 346 
decrease in concentration from 26 mM at 0.5 cm to 24 mM at 35 cm indicating active SO4
2-
 347 
reduction within SPOT sediments (Figure 1).    348 
The pore water profiles of Fe, Mn, and SO4
2-
 are indicative of a zone of active carbon 349 
turnover and utilization of terminal electron acceptors.  This carbon-rich coastal basin appears to 350 
be largely dominated by SO4
2-
 reduction.  The typical maxima of dissolved Fe and Mn, which 351 
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indicate zones of oxide reduction, were not evident at our cm-scale sampling.  However, the 352 
majority of Fe and Mn reduction likely occurs in the top few cm.
61
  The loss of dissolved Fe with 353 
sediment depth could be caused by a coupling with SO4
2-
 reduction to H2S and formation of FeS2 354 
as has been observed in adjacent Santa Monica Basin.
61
  The total dissolved Mn profile was 355 
lower than nearby basins which typically reach µM concentrations
62
 but agreed with previous 356 
measurements made in the Santa Monica Basin.
63
  357 
Flavins are known to enhance both Fe and Mn reduction at concentrations similar to those 358 
measured here (e.g., 2 nM).
64
  A positive correlation was observed between flavins and total 359 
dissolved Mn (r=0.91, p= 0.00022 for FMN; r=0.87, p=0.0011 for RF, Figure S5) which 360 
supports the hypothesis that cells may utilize flavins in order to reduce insoluble Mn oxides in 361 
surface sediments.  Recent work by Michelson et al., found that flavins are used as cofactors for 362 
the nanowires of Geobacter sulfurreducens to reduce the Mn-bearing mineral birnessite present 363 
in pore spaces too small for the cell to access.
65
 While Geobacter taxa were not identified in our 364 
16s rRNA analysis, the dissolved flavins may serve a similar role for other sediment organisms.  365 
Unlike Fe, reduced Mn will not react with H2S under typical marine conditions and therefore 366 
there is no sink for total dissolved Mn at depth in the sediments, thus allowing the dissolved Mn 367 
concentration to increase with depth as flavins also accumulate, resulting in a positive correlation 368 
with dissolved flavins.  369 
A negative correlation was observed between total dissolved Fe and extracellular flavins (r=-370 
0.85, p=0.0019 for FMN; r=-0.79, p=0.0063 for RF). This negative correlation could occur 371 
because of the presence of a the FeS2 sink at depth. A similar sink is not known to exist for 372 
flavins, thus allowing flavin concentration to remain relatively high as dissolved Fe is removed.  373 
However, to have an increase of flavins with depth, a deeper source is required, possibly linked 374 
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to SO4
2-
 reduction or another unidentified source.  Flavins are a required cofactor in SO4
2-
 375 
reduction to transfer electrons from adenosine 5’-phosphosulate to sulfite
2
 and flavin redox 376 
potential makes them well suited to perform electron transfer for many of the specific reactions 377 
involved in SO4
2-
 reduction (average overall reaction Eº= -0.218V).
66
  In addition, flavins are 378 
known to reduce other metals and can be used in organohalide respiration
67
 commonly 379 
performed by select lineages identified in our network analysis (discussed further below), 380 
leaving the possibilities for the deeper flavin source largely unconstrained.  Studies have also 381 
shown that negative correlations can exist between flavins and Fe because of overproduction and 382 
release of flavins under Fe limitation in certain species.
68
  While we cannot rule out the 383 
possibility that Fe limitation may exist in some microenvironments, it is unlikely to be limiting in 384 
pore waters with µM concentrations of dissolved Fe.  Therefore, we attribute the local surface 385 
maxima of flavins (around ~5 cm) to production by Fe and Mn reducers while the increase of 386 
flavins with depth is likely due to a yet unknown flavin source possibly linked to SO4
2-
 reduction 387 
or organohalide respiration.   388 
 These pore water data provide evidence for putative coupling between flavin distribution 389 
and terminal electron utilization; however, we are cautious to assign a mechanistic connection to 390 
a correlation which may instead be primarily controlled by sediment depth (Figure S5).  In 391 
addition, our sampling technique is unable to fully preserve the microenvironments which exist 392 
in the pore spaces of the sediment. The signals that we see at the cm level are unlikely to be 393 
representative of the processes occurring at the cellular level.  Furthermore, our sampling 394 
techniques only allow us to measure the dissolved fraction of flavins present in the system.  395 
Flavins, and in particular FMN, are known to be particle reactive and adsorb to metal oxides;
69
 396 
therefore, we likely are only observing a small fraction of the total available pool of flavins in the 397 
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sediment. Therefore, we expect that the effective concentration of flavins surrounding a cell 398 
and/or metal oxide are likely to be higher than the concentrations that we present here.   399 
Microbial Community Analysis 400 
Microbial cells in surface sediments (0-1 cm; ~5.5x10
7
 cells/cm
3
) were an order of magnitude 401 
more abundant than at 30 cm (1.8x10
6
 cells/cm
3
) (Table S7 and Figure S8).  The reduction in cell 402 
density with depth leveled off around 10 cm and slowly decreased down to the deepest sample 403 
analyzed at 30 cm depth. The relative abundance of the microbial community taxa in SPOT 404 
sediments showed a well-stratified composition that transitioned gradually with depth (Figure 405 
S8). Five of the top ten most abundant Operational Taxonomic Units (OTUs) detected belong to 406 
the Desulfobacteraceae and Desulfarculaceae families of Deltaproteobacteria (Table S8) that are 407 
known to exclusively perform SO4
2-
 reduction, which corroborates the geochemical profile 408 
discussed earlier (Figure 1).   The surface sediment (0-5 cm) was dominated by 409 
Deltaproteobacteria (22-32%; predominately Desulfobacterales and unclassified 410 
Deltaproteobacteria) and Gammaproteobacteria (5-19%; predominately Xanthomondales, 411 
Chromatiales, and unclassified Gammaproteobacteria). Around 10 cm, the relative abundance of 412 
Chloroflexi (16-32% over 10-39 cm, predominantly Anaerolineae and Dehalococcoidia) 413 
increased while Gammaproteobacteria and Bacteroidetes decreased.  Archaea also increased in 414 
abundance over 10-39 cm (7-23%) followed by increasing relative abundance of Atribacteria, 415 
Omnitrophica, and Arminicenantes (previously known as Candidate Divisions JS1, OP3, and 416 
OP8, respectively).  Deltaproteobacteria remained abundant but decreased in relative abundance 417 
between 20 and 39 cm.  418 
A network analysis
40, 70
 was conducted to determine the OTUs that were correlated with 419 
FMN, RF, Mn and/or Fe concentrations (Figure 3).  Overall, 19 OTUs were positively correlated 420 
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to FMN, RF and Mn and negatively correlated to Fe. An additional 25 OTUs showed positive 421 
interactions with one or more of FMN, RF and Mn.  OTUs classified as Chloroflexi comprise 422 
43% of the OTUs positively correlated with flavins.  In particular, OTUs classified within the 423 
class Dehalococcoidia (16 OTUs) were positively correlated with FMN and/or RF.  This 424 
correlation persists at the class and order level as well (Table S8).  Dehalococcoidia, named 425 
based on their ability to respire halogenated compounds, can employ a flavin-based halogenase,
67
 426 
but flavin secretion has not been previously reported, and the exact metabolic pathway is still 427 
unresolved in some of the clades found in this study (e.g., vadinBA26 and GIF9).   A positive 428 
interaction between FMN and RF with five OTUs classified as the MSBL9 clade of 429 
Planctomycetes was also observed.  This group of bacteria are known to perform fermentation
71
 430 
and are commonly observed in sedimentary environments.
72-73
 Additionally, multiple OTUs 431 
classified as Thermoplasmatales (phylum Euryarchaeota) and Thermoprotei (phylum 432 
Crenarchaeota), both of which are known to be flavin prototrophs,
74
 and Sva0485 (class 433 
Deltaproteobacteria) were positively correlated with FMN and/or RF.  Only eight OTUs 434 
displayed negative interactions with FMN and/or RF, half of which were classified as 435 
Deltaproteobacteria.   436 
Correlations between relative community abundance and dissolved environmental flavin 437 
concentrations can be used to form future hypotheses but cannot be used to infer metabolic 438 
function.  Our 16S rRNA analysis revealed a number of taxa which may have a role to play in 439 
flavin secretion and/or utilization but we were unable to identify a known cultured isolate or a 440 
single environmental taxa most likely to be tied to the flavin profile.  In addition, while we make 441 
the hypothesis that flavins are actively secreted by the microbial community, we are unable to 442 
rule out the possibility that flavins may simply be present because of cell lysis via viral activity 443 
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and/or grazing.  Regardless of their source, the microbial community may still access the 444 
extracellular flavin pool for use as flavocoenzymes and electron transfer and therefore making 445 
them valuable redox active constituents of the dissolved organic pool.   446 
 447 
 448 
 449 
 450 
 451 
 452 
 453 
 454 
 455 
 456 
 457 
 458 
Figure 3.  Network analysis of 16S rRNA OTUs with correlations to at least one of riboflavin 459 
(RF), flavin mononucleotide (FMN), Mn and/or Fe.  Black lines indicate positive correlations; 460 
dashed red lines indicate negative correlations.  Phylogenetic classification of OTUs is presented 461 
in Fig. S9 but left blank here for clarity.  The four most common taxa are indicated by numbers. 462 
Circles represent bacterial OTUs and diamonds represent archaeal OTUs. 463 
Implications  464 
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Our study demonstrates that extracellular flavins are available within the natural environment, 465 
exhibit concentration gradients across cm-scale redox boundaries, and are positively correlated to 466 
specific bacterial and archaeal OTUs.  OTUs classified as Dehalococcoidia were the most 467 
common lineage correlated to flavins, a correlation that existed at the class level as well.  Further 468 
understanding of the phylogenetic distribution of OTUs and traits associated with flavins may 469 
allow future assessment of relationships between flavins and microbial taxa at higher taxonomic 470 
levels.  The low midpoint redox potential of flavins make them ideal reductants for the majority 471 
of redox active metals, as well as nitrogen cycling,
75
 and portions of the sulfur cycle.  Many 472 
studies have identified their ability to reduce hazardous metals such as U (VI),
11
 and Cr (VI).
76-77
  473 
Studying their distribution, sources, and sinks in the natural environment will aide our 474 
understanding of their role in natural microbial communities, help identify potential applications 475 
for use in remediation of contaminated sites, and move us further towards understanding the 476 
ubiquity and main drivers of natural flavin cycling.     477 
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